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SUMMARY

We discuss two lmactical  issues concwuing  tlw rclatioasbip  betwecII  (}LC  eatropics  of ttlc

atmospltcrc  and of the radiatioa  field.  l’hc  first issue is whether tlic radiative flux of entropy

cau be  dcter]u  ined from a satellite with suKIcient accuracy for cli[nate  studies. We coacludc

that  au accuracy much better tltaa  1 Yo is required, bu(  that this CaII lx aclticvcd,  ia  t}lc  tlmm]al

sI>ectrula,  wit}l s])eclrOnlekrs  }Iavil)g  s p e c t r a l  I csO1utiOIls  w 1 cm-”]  It is also  p o s s i b l e  that

the required accuracy mu be acllievcd  with a aoa-spec  tral  a])I)Ioacl].  ‘1’lle  scco])d  issue is

wllcthcr  tllc  rate of chaage  of tile atulosl)lw]  ic ezltropy i n v e n t o r y  can h irLfcrrcd fro][l t h e

outgoiug  radiative catropy  flux. Wc coac]ude  that, for clear skies, and ia t}lc  tl]crmal  region

of the s~)cc(  ram,  the two are directly proportional, aud that tile at]nosl)llcric  tcrlIl  cau bc

iaferrcd  with useful accuracy from au empirical relation.

1 Introduction

The  two decades that, have elapsed since the seniina] pal)cr by I’altridge  (1975)
have shown a steady rise in interest in the entropy of the atmosphere and the
entropy  carriccl  on the radiation field. ‘1’llerc  is, llowevcr,  IICJ clircct relatiorisllip
between tllcxc two quantities. ‘1’he interesting {Iuautity is the eutropy  of the
atnlosl)here,  but it is difficult to mcassmc, while the radiat  iol] flux to space is
silnplc  to ]Ilea.sure,  but more diflicult, to interpret.

W C lnay treat the atlnospllcrc  and the radiation field as two separate, in-
teracting systems, with entropy and interna] e[lt’rgy  I)cr unit VOIUJIIC equal to
so and cd for t,hc  attnosphcrc  and to s’ and c“ for the rad iatio~] field. Ior tl]e
combined systeln,

s _-.— sa + Sr , (1)

c :: C“+  cr. (2)
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If Inattcr a])d radiation interact in a closed system, thcll,  accorclit]g  to tile first
law of tllcrlllocly[lalllics,

kzca+irz:o, (3)

wllilc, accord iflg to the scccrnd law of thcrlllody  [lanlics,

S=i’a+s’>o, (4)

‘1’hc  dots indicate rates of change. ‘1’hc inequality refers to irreversible changes.
l)ynalnical  meteorology treats the atmosphere as a fluid tl)at is in a state

of local thm-lnodynamic  equilibrium, with a well-defined value of tile local tcm
pcraturc, 7’. SUCII  is consistent only with reversible heat interactions with the
atmosphere. JIcncc, neglecting radiative work illteracticJ1is on the atmosIJhcrcl,

.0
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s Y!- .1

It follows from (3), (4) and (5) that,
.r

Sr > ~..-— 1’

(5)

(6)

Irreversible changes arc involved in the process of radiative transfcrz,  as wc
lnay see fro~n the following argument. ‘1’he equation of radiative transfer allows
us to separate i’ into two terlns,  the erlcrgy challgc by absorption, i~b~ < 0 and
tile energy change by emission, i~,,,it _> 0. It’or tllc sake of this  example, a.ssu~nc
that there is no net change in the enel gy of the radiation field, or, from (3), in
the energy of tl)c atmosphere,

(7)

l’rom (3) and (5) it also follows that the atmospheric energy and entropy do not
cllangc.

IA the !natter and radiation have telnperatures q’ and ~;.ad, respectively.
‘1’hesc  temperatures will differ except inside a constant-  tcnll)erature  enclosure.
‘1’he  emitted conlponcnt  originates in the matter and will create entropy at a
rate 6&,it /1’, while the absorbed cotnponent  d(,cs  so at a rate i~t,~/7~ti.  The
net intcrcha]lge  of energy is zero, and rcvcrsiblc entropy c.llanges  are also zero.
Consequently the total entropy source (for this sitnple exalnplc)  consists  of these
two tcrlns  only, and is irreversible.

(8)

] Mcc})anical  work is of the  order of u/c ti][lcs the challgc  of iiilcrllal  c]lmgy,  wlmre u is tllc
vclcwity of  tlIc  a(lllos])}wrc,  and c is tllc  vcloci[y  of lig}lt

2 UAI,  il.reve13i~le ~]clllel)t is illtrc,d~,ccd bV  t lie  addition of cInit (irlg aTId  absorbing SUb-
staIIce”,  h4ax I’la,lck  (1959), p.190.
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WC shall refer to (8) as the irvcvcrsible  source 0-/ rariirrtio?l  cn{fopy.  In the ncx~
scct,ion wc shall show that (8) is positive definite. The irreversible process in-
volvccl is t,l)c tllcrlnalisation  of radiative euergy. It affects tbc radiation e[ltropy,
but not the atnlospbcric  entropy, ancl is not relevant to tllc bc]lavior of the
a~rnos])llerc  itself. h4easurenlcnts  of tllc rmirol)y of the radiation field will bc
affcc.~cd by this source, and it must be accourltt,  d for it we arc to scl)aratc  out
the reversible sources.

‘J’hc irreversible source is particularly important for solar radiat  ion for which
7~ad w 6000 K. If’or solar absor~)tion  followed Ly thermal clnissiorl  the rate of
illcreasc  of irreversible e~ltropy is large and cat) greatly cxcced any increase of
atmospheric entropy. ‘lo seek a direct rclatiollsllip  bctwccn the etltropy  of solar
radiation and atmospheric entropy is not likely to bc rewarding.

[Jscful rclatic)nships  may be sbc)wn to exist for thermal radiation, however,
and wc shall restrict the discussion to this topic. For these relationships to be
of practical value, wc need to k[low wbcthcr  c~ltropy meamrcnlcnts of sufficient
accuracy can be made from a satellite. I’he prinripal  source of error is the finite
sl)cctral  resolution of tile observing instrument, ‘1’he  first objective of this paper
is to understand this limitation,

Fro]n a satellite wc can Incasure  tllc fluxes of radiant energy and radiant
cntro])y leaving the atmosphere. k’luxes are rc]ated to source terms try (see
Goody and Yung 1989, F;q.2.l 1),

8F(S)-———
8.2 = ‘“ (9)

al’’(c)
82  = ‘r’

(10)

and if the lower limits to tbc integrals are i~lside the lower surface, the fluxes to
sl)acc arc,

l“m(s) = J“ Sr (IZ, (11)
o

J
co

f’,,(e) = e’ (IZ
o

(12)

‘I’bcrigllts idesofI kls. (ll)and(  12) arctl]c colllr[lll  ir~~’e~]tclriesc  ~f; r and ir,
rmpcctivcly.  Ilcforc concluding this section wc ]l~ay ask wily SUCII  invcntorim
arc rc]cvant  to current rcscarcb.  l’here arc tllrcc reasons. First, both energy
and clitrol)y are state functions and their inventories help to dcfil[c the state of
tbc climates ystc~n, scc the work of Pcixoto  et iI1. (1991). SecoIid,  according to
a well-know])  theorc~n,

(13)
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wllcrc ~Jirr is the irrcvcrsiblc  fluid dissi})ation  an<l b’ rcr)rcscnts tl)c c]inlatc  sys-
tcIn. If tl]c left siclc of (13) can bc derived fronl the radiative (Illtro])y  flux, wc
have a measure c,f an inlportant constraint on cliloatc  models. ‘1’bird, according
to I’altridgc  (1975), the state of the atmosphcrt corresI)onds to a ltlinilnuln  in
the left side of (13). While l’altridge’s  colljectllrc  has not IJCCII  I)rovcd, it has
stilnulatcd i]ltcresting  discussions.

2 Sources of radiation entropy

‘he rclat,ionship  between energy radiance, IV, and entropy radiance, I,u, was
first established by Planclc but was derived in more nlodcrn  terrlls  by Rosen
(1954),

III I’;q.( 14), c, h, u, k all have their usual meanings.
ltquation (14) expresses a one-to-one relationship  t)ctween  energy and en-

tropy  radiances. A stream of ]nonochromatic  radiation is a onc-parameter sys-
tcn~ and, according to a fundamental tllcorem  in tller]llody~la[[lics,  there is no
distinction bctwccn  the first al)d second laws f(,r one- and two-I  )aralncter sys-
tems.  ‘J’llis draws attention to tllc fact that tllel c is no mere information in the
entropy radiances than in the energy radiances. Consequclltly,  if we work with
observed entropy radiances, wc can learn nothilg more in principle than from
energy radiances. llowcver,  the information is o]ganized  in a different way, and
that can bc important, in practice.

Radiative source terms, pcr unit volume, arc (see Goocly  ancl Yung 1989,
l’:q.2.11),

II
w

.r _s— dwi ,,,!!3
dl ‘

(15)
4T o

//

03
.r _ dwl

~,, (
e—

dl ‘
(16)

47T o

I)iflercntiating  (14) with respect to displacclllcnt  in tl]c I-clircction  gives,

(17)

!/L is tl)c crnission temperature, obtained by rc]]lac.ing  }1,, (ttle  l’lanck function)
I,y 1“ i]) tllc cxl,rcssioll  for the radiance for cc,lnplctc tll(,rll]ocly~la]llic  cquilib-
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~ ~ ___?hl)~/c2  _ _
V

exp(l/u/k7~)-  1
(18)

Coln])ictc  thermodynamic equilibriuln  (as cc,ntrastcd  with local thernlocly-
I]an]ic  equilibrium) exists inside a co]lstallt-tcll~])erat~lrc enclosure. ‘l’hen, from
Kirclloff ’s laws,

l“=l )”, (19)

and l; bccomcs equal to the enclosure telllpcraturc 7’. lror cc)ltlplcte tllcrlno-
clynamic equilibrium, according to (4),

Sr -t .+O = o. (20)

In gcncral,7’#7~,  and .Y+-sr #(), w’c may writ, c, for)[lally,

S;rr is the irrcvcrsiblc  contribution to tile cllangc in the cnt, rclpy of the radiation
field. According tothcsecond law oftllcrmodyllarnicsit is [)ositive.

“1’hisrcsu]t  maybcconfirmedm  follows. lronlEqs.(5),  (15),  (16),aud (21)
wc may write,

s,rr=jj( (.+;,) $,1/. (22)

For local thcrmcldynamic  equilibrium, Scllwarzschi]d’s  cquatioll  of transfer for
thmnal radiation is,

where e“ is the extinction cocfflcieut. ]Icnce,

/J
03

S:rr  c dwl

( )

1
e“(l;u  – I“) y – ;.l [Iv.

41r o v

l’rom tllcdcfillition of~~  by Eq. (18), wc may show that,

1 1

{

1). – IVL]] 1+ - - - - -  —TT —-;--1“ 1 – tlv --””-}I“(cJB”/211v3-t  1 )

(23)

(24)

(25)

‘J’llc sign of (25) is the same as for (}IU  – Iv), and (24) is, tllcr-cfore, positive
definite.



3 Calculation of sources

\’Vc obtained profiles of tmnperaturc froln a one- dimensional radiativc-tropi  cal-
ccmvcction  ]nodc],  kindly loaned to us by l)r. Arthur IIou. ‘1’hc ]Iioclcl is spccificd
by tllc solar inl)ut and a rclationsbip  between tc~l)l)crature  slid IIumidity, l)etails
of tile lnode] are unimportant for our purI)oses;  it silrrply I)rovidcs  attnosl)hcric
profiles that rcsetl)ble  clilnat,c states.

l;ncrgy  radiances are calculated \vitll the AII’GI,  MO IY1’lLA  N program.
‘J’llroug]lout  tile thermal spcctru[n, MO IYI’RA  N has a spectral resolution of
about 1 cm - 1. J;ntropy  radiances arc calculated from c.nergy radiances using
I;q.(14)  (for the importance of the finitr  spectral resolution of MOrl’RAN,  see
tllc following section). Calculations arc made for 34 discrete ICVCIS.  ‘1’he c.alcula-
tiou stoJjs 34 krn above the surface. MO1)’1’RAN includes all c]clrwntary  cloud
model, and gasec)us  densities are variat)lcs.

At cacll Icvcl wc calculate fluxes of rllergy al, d entrol)y,

cm

II
+1

F ( c )  = d 1/ 2nlu(()( d<,
o - 1

m

//

+1

F ( s )  = du 2irl/V(()<  d[,
o .–1

(26)

(27)

wllcre [ is the cosine of the zenith angle,
‘1’IIc source  tcrl[ls arc calculated frolll finite differences,

.r l’;,+ ,(s) -- f“;,(s)
Sn =: 9 (28)

~n+  1 - -  z,,

.r l’;,+ l(e) - -  F,,(e)
en = ~ (29)

~rl+  1 – -  z,,

.r
.aSn =  ––--—-+ — .

(7;,+1 :+ 1,, )/2
(30)

In the subsequent discussion wc usc the IIunwrical  data for co~nparative  pur-
])OSCS  only, arid systematic errors, such as from the limited spectral resolution,
tend to cancel. WC do not believe that any of our conclusions arc affected by
t,llc accuracy of t tle numerical algoritlllils.

lU a recent  pa])m I,i, Chjlek and l,esirls (1994) have calculated entropy source
terms for a radiative-convective rnodc]. ‘llcy US( two different ]~roc.cdures.  ‘1’hc
method they usccl  for solar radiation corresl)onds to the straightforward usc of
l;q. (14),  in the r]larlncr of this lJapcr. l~or thcr]na] radiation they dcvc]op an
cquatioll  of trallsfcr  for entropy radia]icc,  and allproxinlatc  the source function
b y  assullling  cornp]ctc tllcrmodynatnic  cquilibriuIn. WC discuss tl]is apl)roacll
ill tl)c  a])[mrldix.  It is in error for optical del~ths that are IIot large.
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l’igurc  1: Errors in entropy calculatiorls  caused by spcct  ral

4 Effect of finite spectral resolution

averaging.

F;quatioll (14) is non-] incar,  and the calculated entropy radiarlcc  will depend
ul)on tllc dcgrcc of averaging (the spectral resolution) of tllc mlcrgy  radiances.
Outgoing radiances from the earth’s atnmphcrc show a finest ructurc  of rotation
lincs that cannot bc con)plctcly  resolved by misting sate]]itc  sl,ectrornctcrs.
Sornc information is lost in the process of avcra~,ing, and this rcffccts itself in a
I)ositivc error in the cnt,ropy calculatiorl.

IIow prccisc]y do wc need to calculate cntrol)y fluxes? I,csirls (1990) shows
that inlportant climate issues involve global average cntror)y  c]langcs of about
lYo. ‘1’here arc questions involving absolute versus relative precision, and there
is the ])ossibility that averaging data from different locations may lead to global
data of higher  precision. Ncvcrthclcss,  I,csins’  figure offers orlc yardstick for
judging the possible irll])act of computational errors. Ideally wc would like to
scc entropy errors not greater than O.1%.

‘1’hc  AIRS s~)cctronlctcr  that is to bc flow], on the scconcl lI;OS satellite,
can record fro]n 564 to 2964 cnl-l with a spectral rcsolutior)  of aI)proxilnatcly
1 cm-l. This  rcsolutiorl can also bc acllicvcd  by ot,hcr  satc]lite  obscrvingsys-
terns. Arlotltgoirlg  sl)cctrLllIlof  thccncrgy radiancc  for this spectral region was
available to us at resolutions between 0.002 and 0.004 cm-l, irlfinitc resolution
for all practical ])urljoscs,  l;ntropyradianr.es wcrccalculatcd fronl I’;q.(14)  and
illtcgratcd  over tllc clltirc  spectra] rarl,gc. ‘1’llis was done first at full rcsolw
tion,  and tllcn rcl)catcd  aftcrs moothing  the da(aovcr  intervals froln 0.0625 to
32 cm-l. ‘1’hc nolllillcar  character of (14)  issu(h  that avcragirlg irlcrcascs the
clltrol)y.
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‘J’he pcrcclltagccrror  as afunction  ofspcctrid resolution isshmvn  in l’ig.l.
‘J’hccrror  is 0.18% for 1 cnl-l resolution  and O.l%for  0.35 CIII–]  resolution. ‘l’tic
latter resolution is tccll]lically  achievable; errors froln lin!itcd s]wctral  resolution
can probably bc held within the desired limits. q’he slow i~lc]casc of the error
with resolution hclow 4 cm-l is attributable tc~ gradual slnootl[ing  out of the
rotational fincstruc.turc.  When thcsnlootll  ingis8cnl-1 org,rcatcr  scriouscrrors
alJl)car. ‘1’llcsc  errors arc associated with slnoothing  of the gross structure of
the bal]ds.

W C made sinlilar  calculations of the effect of s.pcctral rcsolutiori  on the cm
tropy  calculation for four sensitive rcgioris near to balld cclltcrs.  Fractional
errors in the center of the 9.5pm  03 barld were several tirncs larger than t}losc
shown in Iig.1  but,  averaged over the entire s~)cctrunl, they do ~lot apl~car  to
lnattcr.

An interesting feature of this discussion is that both I.csins (1990) and
Stephens and O’llricn  (1993) calculate entropy fluxes at the to~) of the atmo-
sphere using cncr,gy  radiances integrated over the entire sr)cctruln,  derived from
low-rcso]ution  I;WII’; data. The basis for their calculation is an assutnption
tl)at  the outgoing radiance can be approximated by the radiance from a black
body at the emission tcmpcraturc, 7L. If the outgoing radia~lcc is the l’lanck
function, it lnay hc shown that,

F+,-(e) ,- d:, (31)

(32)

(31) is Stcfan’s  law. Since l; is ca]culatcd  fr<,rn  the total c~lcrgy flux, this
relation ensures that, the energy flux used in tllc approxitnation  is identical to
tllc actual energy flux. (32) is the result of integrating (14) over frequency, using
the ]’lanck function, see l’;ssex (1 984). ‘J’he superscripts (+-, - ) indicate that the
integrals in (26) and (27) are taken over the two hemispheres indclwndcntly.  7~
will differ for the two hemispheres.

If wc cli~niuatc ‘l’, bctwccn  (31) ancl (32), we find,

~’+’-(S) == 2.0575 X 10-2{  F+ I-”(C)}j,  W 111-21{-” ‘. (33)

Since tllc cmissioll tclnpcraturc dots not appear in Eq.(33) it is conjectured that
it Inay bc approximately correct for lloll-cquilib~ ium radiation fields.

‘lb investigate the errors involved in lq. (33) wc have calculated fluxes cli-
rcctly  using MO IY1’li.A  N together wit]! l{;q. (14), for a variety of atmospheres
wittl diffcrcllt, solar fluxes and cloud alnounts,  As wc llavc Shown) clltropy
ftuxcs  ca]culatcd  w’it]l 1 cm-l resolution lnay bc too large by ahoutl 0.2!Z0, but
to calculate at maxinluln  spectral rcsolutiou would have involved unreasonable
alnounts  of conli)lltillg.  ‘1’he rclationslii[)  hctwccl)  ~’(s) and l’(c); at all lCVCIS,
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]rigure 2: Test of l;q. (33) for one atlnosphcric  structure. Crosses ( X ) are ulJ-
welli]lg fluxes; asterisks (*) arc downwelling fluxes. q’he full lirlc follows Eq.(33).
Iloth  axes arc ill M KS uuits.  E’or this ascent tllc upwelliug clltro]~y  flux at the
to]) of the at~nos~lllcrc was 1.271 W m--2 K- 1.
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for OIIC of these atlnosl)llcrcs,  is SIIOWI] in Fig. 2. Agrec]nenl  with Eq.(33)  is
rclnarkahly  good for ul)ward  flux components; less so for downward co~nl)onellts.

l“or the purI, oscs of this paper, the irnportarlt  quantity is tile u])wel]ing flux
at the top of tllc atnlosI)hcrc. On the t)asis of 20 diffcrerlt  ascen(s,  with solar
fluxes bctwccn  200 and 400 W m-2, sornc with clouds al)d sotnc without clouds,
wc found a least-squares best  fit,

~&,(S)  = 2 .043 X 10-2 FW(c)~  +2.41 X 1 0- 3, w m-21<-  1. (34)

‘1’l)c  zero offset in l;q.(34)  is not significa~lt ‘1’}le  root- meamsquare  deviation
froln l(;q.(34), as a percentage of the Inean value of I’m(s) (1. 193 W m-2 K- ] ),
is 0.3570. This error  is surprisingly small in view of the fact that no inforlnation
associated with tile line and band structure is used. l’he nun]erical  factor 2.043
in Eq. (34) should bc lnodified to 2.039 to allow fclr errors associated with 1 cm- 1
averaging.

5 Entropy sources for clear skies

F;quations  (28), (29), and (30) were evaluated using MOI)l’RAN.  ‘J’he diffcrenc-
ing invo]vcd in llqs. (28) and (29) means that, resolution errors should  be unim-
])ortant  for the source terms. The irrevcrsihle  term in the radiation entropy was
calcu]atcd  from ICq. (21 ). Wc first discuss 7 cases of cloud-free cc)nditions.

Figure 3 shows tllc results for onc clear-sky ascent. ‘he irreversible entropy
sour-cc is always ])ositivc  definite, and s~t)allcr  in II}agnitudc  than the atmospheric
and radiation source tern!s.  Wc arc interested ill inventories of tllcse quantities,
scc l’;qs. (1 1), (1 2), and (13). ‘1’llcse involve int(grals  through tllc atmosphere,
including surface terms. These surface terms arc S11OWII in the insert  to I~ig.3.
‘1’lIc question at issue is whether the inventory of So can bc inferred from the
inventory of .4”, which, froln (1 1), is equal to the entropy flux to space. A
least-squares best fit to the data gave tile following relation txtwecn  these two
quantities,

/

cm
S“ dz = 0.7376 Fro(s) + 2.04 X 10–4, W m-2](-  1. (35)

o

‘1’lIc zero offset is not statistically significant. ‘1’hc root.-lnean-squarc deviation
of data from l’Jq. (35), ex])ressed  as a percentage of the me-au value of ~ow So d.z
(0.9358 W In-2  K-1), is 0.17%.

Wc had anticipated a relation of the nature of (35). It is knc)wn  (see, for
cxam})lc,  Goody and Yung 1989, ~6.4.1)  that the radiatioll-tc)-sl) acc al)proxinla-
tiol] works relnarkat~ly  well at all Icvcls in a cloud-free at[llc)sphrre.  ‘1’his means

that most cooling is by l~llotons that escape to s])ace. lror this process the ir-
reversible terln is Iit)ow]) precisely. A ]Jlloton escaping to space call ])otcntial]y
do work at a rate tliat combines a very sr]lall  rtidiation  pressure with the very
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Figure 3: Source tcrll]s. ‘his calculation is for a clear sky, for a solar flux of
300 W In-z, allcl the Mariabc-Wctlleralcl  relatiw humiclity clirllatology.  For S“
atlcl i’ the surface term is a radiation flux.

large velocity of Iigbt, and is one third of the rate of escape of inter-llal energy.
Since this work is not used by the atmospbcrc 3, t]lcre is all itlcrcasc of eatropy.

This accounts for the factor ~ ill ICq.(32). l’bus, the anticipated value of the
slope in Eq.(35)  is 0.75. Some irreversible tller]]la]ization  is also invo]vcd,  but
it is small, and is satisfactorily included empirically.

l’his  combination of a theoretical basis, together with statistical errors less
than 0.270, shows that changes in the il)ventc)ry  c)f atmospheric entropy can be
inferred fro~n  outgoing radiation entropy fluxes 10 a degree of accuracy that is
useful for clinlate  calculations.

6 Entropy sources for cloudy skies

l’or satellite fields of view that include l)oth c]olJdy and clear areas, a]gorilllms
have been developed that yield the clear-sky radiances (Chahine  1976). nom
SUC}I radiances tl)c entropy invc]ltory can be obtai]led  by usc of ]’;q.(35).

What  can bc said about the c]oud-covcrcd  rcr,ions?  ]Lclnote sensing at opti-
cal wavele]igtlls is ~}ot appropriate for below-cloud data in cloud- covered regions,
whether they bc cntro[)ics or any other  state variables. ‘1’his  is not s~Jcli a crucial

31{adiatioIL  frolll  Illc stll]  cm })erfor]l:  work  01) the solal sail of a fast,  ir~tctstc]lar  sjmrccraft.

11
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Figure  4: Sc)urce terms for a cloudy atmosphcrt.  ‘1’he cloud lies between 8 alld
12 Iiln.

limitation as mig]lt appear at first sight. A colnl)arison betwce[l observation and
prediction in cloud-free regions is a good test of a numerical lnodcl, even though
incomplete.

13 cases of cloudy atmospheres were calculated, and for tllcse the slope in
Eq.(35)  varied from 0.4311 to 0.7353. For son]c cases of low clouds, (35) may
bc of value, but  it is difficult to select the appr<jpriate  cases a pn’or-i.

Figure  4 SIIOWS entropy and energy sources for one model atmosphere with
cirrus clouds bctwccn  8 and 12 km. ‘1’llc large excursions c)f i’ (== –ia) are a
well-known phenomenon, with strong cooling at cloud tops and strong heating
at cloud bases. ‘1’here arc accompanying positiie and negative cxc. ursions  in ir
and So. ‘1’hcsc  excursions show a great deal of cance]ation,  ulllilw the data in
]~’ig.3.  i:,, is constrained to k positive, and its variability is less than that of
the other  sources. If it is ~ssunmd  to be c.oust ant, or to be wcalily  correlated
with tllc solar flux, a roug]l estimate of the atn)osphcric  elltro])y  sc]urcc  may be
IIladc.

7 Conclusions

Sources of at]nospllcric  entropy can provide itllportant inforlllation  for climate
c.alculatiolls.  l-or cloudless skies tile integrated sourc.c of at[[los]~llcric cl)tropy
call I)c inferred, to a useful level of accuracy, froln the outgoing flux of radiation

12



Appendix: Approximate equation of transfer for
entropy radiance

For a stratified atmosphere, Ilq.(23) ~nay t)c written,

(36)

where < is the cosine of the zenith angle, and T, is the optical depth. In local
thcrlnodynamic  equilibrium, lJV, the source function) is equal to the l’lanck
function.

k’ro~n  equations (14) and (36) wc may write an equation of trarlsfcr  for the
entropy radiance,

( {!. z, ],” - ,s’,, ,
u

(37)

where,

is, by analogy with (36), the entropy source fun~ tion.
lI;SSCX ( 1984) argues that (38) may be apI)roxilnatcd  by se~t illg Iv == lIV in

this term  but not,, of course, in equation (14). ‘1’hc attraction of this assunl]~-
tion is that the source function becomes a func[  ion of 2’ a~ld u OIIIY, and (37)
[nay be solved by the same methods that are used to solve (36). F;ssex refers
to this assun~ption as the Equal Thcr]nodynanl[c  l’rotc~col rcfincmcnt  of local
ther[nodynamic  cquilibriutn  (l;’1’P-I,TII;),  ancl sliows that it is justified in the
li]nit }tu/kT  >1.

l’or our purposes, the radiation entropy tllust be integrated over all frequen-
cies, and the above inequality dots not hold ov(r the full tangc  of integration.
IIowever, l;ssex  and ].esins (1 992) and l,i, Chjltk,  and I,esiIls (1 994) have al)-
plicd IH’1’-I~J’1; to the calculation of integrated entropy ftuxcs.

A detailed nltmeric.al  assessment of this mc( hod wc~uld Lx valuable, for it
is useful, if al)])licablc. Wc shall look at OILC situation for whit.11 exact and
a])proximatc  solutions arc easy to obtai~l. WC calculate the do~vllward  radiaucc
froln a grcy-absorbing  isothermal slab of optical depth, Tv, with IIO radiation
incident from above. ‘1’l)is is probably the [nos( scvcrc test of l’;l’l)-l;l’l;  that
could be devised, and other situations, including non-grcy atlllosIJhcrcs,  may
have .sInaller errors.

‘1’hc solution to (36) is,

‘v(TL/()= ‘)” (1 - ““9 (39)

For downward dircctcd  radiances, ( is negative

14



If wc write (14) in the operational forln,

I.u = 1/” [Iu] , (40)

then the exact solution for the entropy radiance can bc obtained from l;qs. (39)
and (40),

I/y~’’(T”/() = L,, [ Bu  ( 1  -  C’./f)] (41)

11’roIn (14), (38), and (40), the aI)proxinlate  source functiol) is,

,s” =

and tllc lIHII’-I,’l’E  solution becomes,

L;’’’’’0’()”/()  =

h’or grcy absorption, Tv = T, arid
frcqucnc.ics  togivc,

IJapp’ox(~l)

l,e=c’(u)

1,” [D”] , (42)

/u [B”] (1 – c’”1~) . (43)

(42) and (43) may be integrated over all

4r7
~ -#l, (44)

. &’:’x(u), (45)

where u = 1 – c’lf. ‘J’he function ,y(v)  has most recently bceu evaluated by
Stcpl]cns  and 0’13ricn (1993).  1’oru<O,l,

X(U) == u(O.96516  --0.27765 II] U). (46)

x(u)  for larger u is shown in l~i.g.5. l’or large opt,ical depths (u -+ 1), h; ’l’l’-
IJJ’E is satisfactory, but  for small optical dcptbs  (u + ()), tllc fractional errors
can bc very large. ‘J’he radiation-to-space result, discussed iu $5, implies that
atmospheric energy and entropy sources are associated with optical depths that
arc not, large.
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